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( Na + +K + )-ATPase is a target receptor of digitalis (cardiac glycoside) drugs. It has been demonstrated that the 
H1-H2 domain of the a-subunit of the (Na + +K + )-ATPase is one of the digitalis drug interaction sites of the 
enzyme. Despite the extensive studies of the inhibitory effect of digitalis on the (Na + +lO)-ATPase, the func- 
tional property of the H1-H2 domain of the enzyme and its role in regulating enzyme activity is not com- 
pletely understood. Here we report a surprise finding: instead of inhibiting the enzyme, binding of a specific 
monoclonal antibody SSA78 to the HI -H2 domain of the (Na + +K + )-ATPase elevates the catalytic activity of 
the enzyme. In the presence of low concentration of ouabain, monoclonal antibody SSA78 significantly pro- 
tects enzyme function against ouabain-induced inhibition. However, higher concentration of ouabain com- 
pletely inactivates the (Na + +K + )-ATPase even in the presence of SSA78. These results suggest that the H1-H2 
domain of the (Na + +K + )--ATPase is capable of regulating enzyme function in two distinct ways for both oua- 
bain-sensitive and -resistant forms of the enzyme: it increases the activity of the (Na + +K + )-ATPase during its 
interaction with an activator; it also participates in the mechanism of digitalis or ouabain-induced inhibition 
of the enzyme. Understanding the dual activity of the H1-H2 domain will help better understand the struc- 
ture-function relationships of the (Na + +K + )-ATPase and the biological processes mediated by the enzyme. 

© 2008 Elsevier Inc. All rights reserved. 



Sodium- and potassium-dependent triphosphatase [(Na + +K + )- 
ATPase or NKA] [1] is a key membrane protein that couples the 
hydrolysis of ATP to the opposite vectorial transport of Na + and K + 
ions across the plasma membrane, as needed for the primary source 
of energy for the active transport of various nutrients, electrical 
excitability, cellular ion homeostasis, uptake of neurotransmitters, 
and regulation of cell volume that are vital to the cell living processes 
[2-5]. NKA consists of ol- and (3-subunits [6,7]. The catalytic a-sub- 
unit contains the sites for binding of Na + , IC, and ATP [6-9]. The p- 
subunit appears to be essentially required for biosynthesis, matura- 
tion, and migration of the a-subunit to the plasma membrane [10,11 ]. 
The crystal structure of NKA suggests that the a-subunit traverses 
the membrane ten times and both the N- and C-terminals are located 
on the cytoplasm side [12]. The [3-subunit contains only one hydro- 
phobic region, and only the N-terminal is located on the cytoplasm 
side [12]. Several isoforms of a- and p-subunits have been identified 
[13-16]. There are two a isoforms (al and a2) of NKA in rodent heart 
[17,18] and three a isoforms (al, a2, and a3) in human heart [19,20]. 

One of the striking properties of NKA is its ability to regulate 
cardiac contractility [21,22]. NKA has been a target receptor for 
digitalis and related cardiac glycosides drugs for the treatment 
of heart failure for more than 200 years [23], The digitalis drug- 
induced positive inotropic effect is dependent on the inhibition of 
NKA catalytic activity and impairment of active transport of Na + / 
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K + ions in heart cells [24]. Studies have demonstrated that the 
extracellular H1-H2 domain of the a-subunit of NKA participates 
in the ouabain binding to the enzyme and that the border positions 
of the HI ~H2 domain are essential to the ouabain sensitivity of the 
enzyme [25,26]. However, our previous studies have shown that 
the H1-H2 domain of the a-subunit of NKA is a critical determinant 
of the biological activity of the enzyme, which couples to enhanced 
myocyte calcium transient and inotropic action but without inhi- 
bition of NKA [27]. This discrepancy draws our attention to the 
native activity of the H1-H2 domain. To date, it remains obscure 
whether any molecular interactions at the H1-H2 domain would 
cause inhibition of NKA function. The nature of the H1-H2 domain 
in regulating NKA function and in the mechanism of the digitalis- 
induced inhibition has not been completely demonstrated. 

The strategy to explore the native activity of the H1-H2 domain 
of NKA is to use specific monoclonal antibody SSA78 (mAb SSA78) 
and to monitor the changes of NKA activity during the antibody- 
protein interaction at the H1-H2 domain site with or without 
ouabain. The experimental results reported here reveal a hidden 
activity of the H1-H2 domain of the a-subunit of NKA that may 
shed new light to aid understanding of the molecular mechanism 
underlying NKA-mediated biological processes. 

Materials and methods 

Materials. Ouabain (>99%) was purchased from Fluka BioChemika 
(Buchs, Switzerland). Other reagents were from Sigma Chemical. 
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Purified mAb SSA78 and polyclonal antibody SSA78 (pSSA78) 
were generated against the H1-H2 domain ( 11S RSATEEEPPNDD 129 ) 
of the al-subunit of rat NKA (Cytomol, CA, USA). Synthetic pep- 
tide RSATEEEPPNDD (BioSynthesis, TX, USA) was used as a pep- 
tide blocker (PB78) in the study. Frozen dog heart muscle was a 
gift of Jack Kyte's laboratory. Sprague Dawiey rats and spontane- 
ous hypertension heart failure (SHHF) rats were purchased from 
Charles River Laboratories (Wilmington, MA, USA). The Animal 
Care and Use Committees of the University of Maryland School of 
Medicine approved the animal protocols. 

Purification of cardiac NKA. NKA was purified from rat and 
dog heart muscle separately using an independent protocol as 
described previously [28]. (A) Preparation of sarcolemmal ves- 
icles: Briefly, animal hearts were rinsed in an ice-cold buffer 
solution containing 10 mM histidine (free base) and 0.75 M 
NaCl. The left ventricles were cut into 5 mm pieces and homoge- 
nized for 10 s at 15,000 rpm. The homogenates were centrifuged 
at 10,000 rpm for 20min. The supernatant was discarded, and 
the pellets were resuspended in lOmM NaHC0 3 and 5mM his- 
tidine. The pellets were resuspended, homogenized, and cen- 
trifuged for two more times as described above to remove the 
sarcoplasmic reticulum (SR) for the ultimate isolation of sarco- 
lemmal vesicles (SL). The pellets obtained from the third centri- 
fugation described above were resuspended in 10 mM NaHC0 3 
and 5mM histidine and homogenized three times for 30s at 
15,000 rpm. The pellets were then sedimented at 10,000 rpm for 
20min, and the supernatant containing the isolated SL vesicles 
was centrifuged again for 30min at 20,000 rpm and the super- 
natant was discarded. The pellets resulting from this centrifu- 
gation were resuspended in 1.0 M sucrose, 0.3 M NaCl, 50 mM 
tetrasodium pyrophosphate, and 0.1 M Tris (pH 7.1 ), and loaded 
on the bottom of the centrifuge tubes. A solution (containing 
0.6 M sucrose, 0.3 M NaCl, 50 mM tetrasodium pyrophosphate, 
and 0.1 M Tris, pH 7.1) was next layered on the top of the mem- 
brane suspension in each tube. The solution (containing 0.25 M 
sucrose and 10 mM histidine) was then layered on top of the 
0.6 M sucrose in each tube. Samples were centrifuged for 60min 
at 60,000 rpm. After the run, the SL vesicles were observed 



as distinct snow- white protein bands at the interfaces of the 
0.25M/0.6M sucrose layers. The SL vesicles were sedimented 
at 40,000 rpm for 40min. The final SL vesicle suspension was 
collected for further purification, (B) Preparation of SDS- 
treated cardiac NKA: Rat SL vesicles (4.4mg/ml) were titrated 
with 0.58mg/ml of SDS in the presence of 2mM ATP at 20 °C 
for 30min and then loaded on the top of a sucrose (W/W) step 
gradient (15%, 28.8%, and 37.3%) in a Ti 60 tube and centrifuged 
at 40,000 rpm for 90min. The fractions containing NKA were 
collected and stored at —70 °C. The specific enzymic activity of 
NKA in these preparations was 600, 1000, and 450uxnoimg 1 
h 1 for rat, dog, and SHHF rat NKA, respectively. 

Measurement of NKA activity. NKA activity was determined on 
the basis of Jack Kyte's method with modifications as previously 
described [29] under various experimental conditions. The enzy- 
matic activity is defined as the ouabain-sensitive hydrolysis of 
MgATP in the presence of Na + and K + . NKA activity is defined as 
ouabain-sensitive enzyme activity in different experiments. Puri- 
fied ouabain-resistant rat NKA and ouabain-sensitive dog NKA 
were incubated with or without different concentrations of mAb 
SSA78 at 4°C for 60min. The reaction was initiated by adding 
MgATP (3mM) in a final volume of 0.2ml at 37 °C for 30min and 
terminated by adding 0.75 ml quench solution (0.5% ammonium 
molybdate + 0.5M H 2 S0 4 ) and 0.02 ml developer (25mg/ml of the 
mixture of 0.2 g 1 -amino-2-naphthol-4-sulfonic acid + 1.2 g sodium 
bisulfate + 1.2 g sodium sulfite). Color was developed for 30 min at 
room temperature and the concentration of phosphate was then 
determined at 700 nm using a spectrophotometer. In the puri- 
fied enzyme system, incubation of NKA and specific antibody for 
60 min prior to initiate ATPase assay is an optimal condition to 
obtain a significant activation of the enzyme. 

Immunofluorescent staining. Rat myocytes were frozen and cut 
on a cryostat. Sections (8 urn) of each tissue were blocked with 
1% bovine serum albumin (BSA) and incubated with mAb SSA78 
(1:1000) for 60 min in the presence or absence of 5mM ouabain 
or PB78. Washed slides were evaluated after incubation with a 
FITC conjugated goat anti-rabbit antibody (1:75) as described 
previously [28]. 
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Fig. 1. Immunofluorescent staining of mAb SSA78 on rat myocytes. Isolated rat cardiac myocytes were frozen and cut on a cryostat. Sections (8 urn) of each tissue were 
blocked with 1% BSA and incubated with mAb SSA78 (1 :1000) for 60 min at room temperature with or without 5 mM ouabain or PB78. Ali confocal images were at a magni- 
fication of 400x. (A) a group of cells with mAb SSA78, (B) with ouabain in condition A, (C) with PB78 in condition A, and (D) secondary antibody control. The results show 
that PB78 eliminates and ouabain competes with mAb SSA78 binding to the H1-H2 domain of NKA. Each of the data represents one of three similar stainings. 
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Results 

The H1-H2 domain is the specific antigenic site of mAb SSA78 

We first examined the specificity of mAb SSA78 by immuno- 
fluorescent staining since it is an important tool for the study. 
The results show that mAb SSA78 specifically labeled the H1-H2 
domain of NKA on the cell membrane surface (Fig. 1A). In con- 
trast, no labeling occurred in the absence of mAb SSA78 (Fig. ID). 
Ouabain competed with the binding of mAb SSA78 and strongly 
reduced the immunofluorescent staining (Fig. IB). Peptide blocker 
PB78 had exactly the same composition as of the H1-H2 domain 
that can saturate the functional sites of mAb SSA78 and completely 
eliminated the capability of mAb SSA78 to bind to its specific 
antigenic site on NKA (Fig. 1C). 

Binding of mAb SSA78 to the H1-H2 domain increased NKA activity 

Having established the specificity of mAb SSA78 that binds to 
the H1-H2 domain and competes with ouabain binding to NKA, 
we next investigated whether interaction of mAb SSA78 at the 
HI -H2 domain would cause inhibition of NKA activity like ouabain 
does. Experimental results reveal that NKA activity is a function 
of the concentration of mAb SSA78 (Fig. 2). Binding of mAb SSA78 
to either ouabain-resistant rat NKA or ouabain-sensitive dog NKA 
increased the catalytic activity of the enzyme (Fig. 2). The activity 
of ouabin-resistant rat NKA was 137±16, 148±21, 154±19 s 162±14, 
167 + 16, 174±13, and 182 + 10% in the presence of 0.1, 0.2, 0.3, 0.5, 



0.7, 1.0, and 2.0 mM mAb SSA78 compared with the control (in the 
absence of mAb SSA78) as shown in Fig. 2A, Under the same exper- 
imental condition for the concentration of mAb SSA78, the activ- 
ity of ouabain-sensitive dog NKA was 133 ±4.0, 142±11, 149±6.0, 
157 + 5.0, 165±9.0, 174+12, and 176±17%(Fig. 2B). The half effec- 
tive concentrations (EC 50 ) for rat NKA and dog NKA were 0.141 and 
0.154 uM, respectively (Fig. 2). 

Protective effect of mAb SSA78 on NKA activity in ouabain-induced 
inhibition 

We next tested the changes of NKA activity when both ouabain 
and mAb SSA78 interacted at the H1-H2 domain of the enzyme. In 
the presence of 10" 9 , 10" 8 , 10~ 7 , 10" 6 , TO -5 , 10" 4 , and 10 3 M oua- 
bain without mAb SSA78, rat NKA activity was reduced to 95 + 10, 
96±8.0, 89±7.0, 83 + 14, 74±9.0, 46±10, and 11 ±3.0% (Fig. 3A) 
compared with the control without ouabain, and 100 ±6.0, 84 ±27, 
60±22, 25± 11, 10±6.0, 3 ±2.0, and 1.3 ± 1.0% for dog NKA (Fig. 3B). 
Significant changes of rat and dog NKA activities were detected in 
the presence of 1 uM mAb SSA78 with the same ouabain concen- 
tration as indicated above: ouabain-resistant rat NKA activity was 
164±14, 155±17, 150±23, 140±22, 124±2.0, 68 ±3.0, and 12±1.0% 
(Fig. 3A) compared with the control (without ouabain and mAb 
SSA78), and 162±22, 146+18, 126±35, 75±33, 5.3±2.0, 0±0, and 
0±0% for ouabain-sensitive dog NKA (Fig. 3B). mAb SSA78 par- 
tially protected rat and dog NKA activity, but not in the case of high 
concentration of ouabain (Fig. 3A and B). 
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Fig. 2. Effect of mAb SSA78 on the catalytic activity of NKA. Purified rat NKA (7.5 ug/ 
ml) and dog NKA ( 1.3 pg/ml) wer e incubated with different concentrations of mAb 
SSA78 (as indicated in the figure) for 60min at 4°C in the presence of 100 mM Na + 
and 20 mM K + prior to ATPase assay. NKA activity significantly increased in the 
presence of mAb SSA78. Each data point represents the mean of four independent 
experiments. 
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Fig. 3. Effect of mAb SSA78 on the ouabain-induced inhibition of NKA. Purified rat NKA 
(7.5ug/ml) and dog NKA (1.3ug/ml) were incubated with (black circles) or without 
(open circles) 1 uM mAb SSA78 in the presence of different concentrations of ouabain 
as indicated in the figure for 60min at 4°C prior to the enzyme activity assay. At low 
concentration of ouabain, SSA78 markedly elevates and protects NKA activity against 
ouabain-induced inhibition; higher concentration of ouabain completely inhibits NKA 
activity. Each data point represents the mean of six independent experiments. 
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Fig. 4. Time course of the effect of mAb SSA78 and pSSA78 on SHHF NKA isolated 
from heart failure rat. Cardiac SHHF NKA (7.5 ug/ml) was incubated with or without 
mAb SSA78, or pSSA78 ( or total rabbit IgG (1 uM each) in different time course as 
indicated in the figure. Open circles, control; black circles, with mAb SSA78; open 
triangle, with pSSA78; black triangle, with rabbit IgG. SHHF NKA activity was signif- 
icantly increased in the presence of mAb SSA78 or pSSA78 after 60 min incubation. 
No changes of enzyme function were detected in the absence of both mAb SSA78 
and pSSA78, or total rabbit IgG. Each data point represents the mean of three inde- 
pendent experiments. 



Both mAb SSA78 and pSSA78 increase enzyme activity by interaction 
at the H1-H2 domain of NKA isolated from SHHF rat 

We further tested the effect of mAb SSA78 and pSSA78 [27] on 
purified cardiac NKA that was isolated from heart failure rat model 
by interacting on the H1-H2 domain of the enzyme. By compar- 
ing with the control sample (without antibody), Fig. 4 shows that 
by comparing with the control sample (without antibody), puri- 
fied SHHF NKA activity was increased to 108 ±7.0, 125 ±23, and 
187 ±22% in the presence of 1 uM mAb SSA78 (Fig. 4, black circles), 
and 106±4.0, 121 ±12, and 205±16% with 1 uM pSSA78 (Fig. 4, 
open triangles) during 10, 30, and 60 min interaction time course 
at the H1-H2 domain of the enzyme. No significant changes were 
observed in the control sample (Fig. 4, open circles) and the sam- 
ples in the presence of rabbit IgG (black triangles). No inhibition of 
SHHF NKA was detected in the presence of mAb SSA78 or pSSA78 
(Fig. 4). 

Discussion 

A hidden activity resides within the H1-H2 domain of NKA 

To gain a detailed understanding of the functional activity of 
the H1-H2 domain of NKA, we prepared a simple system consist- 
ing of a highly purified NKA in a medium containing only small 
ions, buffer molecules, and specific antibody that made against the 
H1-H2 domain of the enzyme. Under the experimental conditions 
described in the methods, we discovered that specific antibody- 
protein interaction at the H1-H2 domain of the a-subunit of NKA 
accelerates the catalytic activity of the enzyme (Figs. 2 and 4). This 
is the first time that this hidden property of the H1-H2 domain of 
NKA has been reported. 



Dual activity of the H1-H2 domain 



It has been well demonstrated that the Gln-111 and Asn-122 of 
the H1-H2 domain interact with ouabain and directly regulate the 
affinity of ouabain binding to NKA [25,26]. Our data clearly show 
that mAb SSA78 (1 uM) significantly protects both ouabain-resistant 
and -sensitive NKA activity against ouabain-induced inhibition (Fig. 
3A and B), indicating that the H1-H2 domain of NKA participates in 



both activation and inhibition processes mediated by the enzyme. 
NKA activity was markedly elevated by the interaction of mAb SSA78 
at the H1-H2 domain of the enzyme (Figs. 2 and 4), suggesting that 
the H1-H2 domain is capable of regulating NKA function by enhanc- 
ing the catalytic activity of the enzyme when it interacts with an 
activator, such as mAb SSA78 or pSSA78 (Fig. 4). The fact that ouabain 
competes with specific mAb SSA78 binding to NKA (Fig. 3) provides 
further evidence to support the notion that ouabain binds to the 
H1-H2 domain and is involved in the mechanism of the ouabain- 
induced inhibition of the enzyme [30]. 

It is evident that inhibitor ouabain and activator mAb SSA78 (or 
pSSA78) affect NKA biological function in a dramatically opposite 
direction through the interaction at the H1-H2 domain (Figs. 2-4), 
However, neither inhibitor nor activator would change the basic 
nature of NKA function or create new functions for the enzyme. 
This fundamental limitation of both inhibitor and activator of NKA 
suggests that the primary structure of the H1-H2 domain of the 
enzyme is responsible for its dual activity by dictating different 
drug actions to influence NKA activity, presumably by controlling 
ligand-induced conformational changes in the enzyme. 

Extensive investigations have demonstrated that in addition 
to the H1-H2 domain, the H3-H4 and H5-H6 hairpins of NKA also 
bind ouabain with high affinity and that NKA inhibition is digitalis- 
mediated paralysis of H5-H6 domain [31,32]. Our experimental 
results reveal that NKA activity was completely destroyed at high 
concentrations of ouabain (1 mM for ouabain-resistant rat NKA 
and 10 uM for ouabain-sensitive dog NKA) in the presence of mAb 
SSA78 as shown in Fig. 3. The fact that mAb SSA78 failed to enhance 
or maintain NKA activity in the presence of high concentration of 
ouabain suggests that other amino acids residing within the H3-H4 
and H5-H6 hairpins may play significant roles in the inhibition of 
NKA. High concentration of ouabain may cause radical shifts in the 
balance of forces between side chains of NKA, leading to different 
conformation of the enzyme to favor ouabain inhibition. Several 
laboratories have also reported that low concentration of ouabain 
stimulates NKA activity under different experimental conditions 
[33]. This may be explained by the possibility that low concentra- 
tion of ouabain might randomly contact the H1-H2 domain first 
before interacting with other domains of NKA during its binding 
process, and thus elevated enzyme activity may be observed since 
the H1-H2 domain has a latent ability to influence NKA activity. 
This weak activation of NKA by low concentration of ouabain may 
soon disappear after ouabain completely binds to the drug bind- 
ing pocket, including the binding sites located in the H3-H4 and 
H5-H6 hairpins of the enzyme. Under our experimental conditions 
reported in Fig. 3, no significant ouabain stimulation was detected 
when NKA was incubated with ouabain at 4°C for 60 min prior 
to the enzyme activity assay, presumably due to a longer incuba- 
tion time allowing ouabain to interact with all its binding sites on 
NKA. 

Natural property of NKA 

In our previous work, we have identified an activation site of 
NKA that resides in the H7-H8 domain of the a-subunit of the 
enzyme and is not a digitalis interaction site [28], Activator SSA412 
can markedly enhance NKA activity by binding to this activation 
site of the enzyme [28]. This similar phenomenon of accelerated 
catalytic activity of NKA is detected again when different activa- 
tor mAb SSA78 or pSSA78 interact with the H1-H2 domain of the 
enzyme (Figs. 2-4). These findings strongly implicate that the abil- 
ity to speed up the rate of catalytic function of NKA may be a natu- 
ral property of the enzyme that can be initiated by the interaction 
at the selective sites, including the H1-H2 domain of the enzyme. 
Fig. 4 shows that binding of mAb SSA78 or pSSA78 to the H1-H2 
domain of SHHF rat NKA significantly increased enzyme activity, 
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demonstrating that this latent functional activity not only resides 
in healthy animal models (Fig. 2A and B), but is also retained within 
the HI -H2 domain of NKA in heart failure animal model (Fig. 4). 

In summary, our experimental results provide direct evidence 
to demonstrate that the H1-H2 domain of the a-subunit of NKA 
is capable of regulating enzyme function in two distinct ways for 
both ouabain-sensitive and -resistant forms of NKA: it increases 
NKA activity during its interaction with an activator; it also par- 
ticipates in the mechanism of digitalis or ouabain-induced NKA 
inhibition. Understanding the dual activity of the H1-H2 domain 
of the enzyme not only helps to deeper understand the biological 
processes mediated by NKA, but also may lead to the development 
of new drugs and therapeutic strategies to improve the treatment 
of heart disease. 
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